Reverse intersystem crossing (RISC) from the triplet to singlet excited state is an attractive route to harvesting electrically generated triplet excitons as light, leading to highly efficient organic light-emitting diodes (OLEDs). An ideal electroluminescence efficiency of 100% can be achieved using RISC, but device lifetime and suppression of efficiency roll-off still need further improvement. We establish molecular design rules to enhance not only the RISC rate constant but also operational stability under electrical excitation. We show that the introduction of a second type of electron-donating unit in an initially donor-acceptor system induces effective mixing between charge transfer and locally excited triplet states, resulting in acceleration of the RISC rate while maintaining high photoluminescence quantum yield. OLEDs using our designed sky-blue emitter achieved a nearly 100% exciton production efficiency and exhibited not only low efficiency roll-off but also a marked improvement in operational stability.
INTRODUCTION
Organic light-emitting diodes (OLEDs), which can reach internal electroluminescence (EL) quantum efficiencies (IQEs) of nearly 100%, are one of the most promising devices for next-generation displays and lighting. According to spin statics (1), 75% of excitons are directly generated in the triplet excited state (T) after carrier recombination, so two approaches exist to obtain an ideal IQE: phosphorescence (2, 3) , in which triplet excitons directly produce EL, and thermally activated delayed fluorescence (TADF) (4) , in which reverse intersystem crossing (RISC) of triplet excitons to the singlet excited state (S) results in delayed fluorescence (DF). In particular, since molecules exhibiting TADF can be designed without using expensive rare-metal elements such as iridium, the number of reports on molecular design for TADF has significantly increased (5) , resulting in an abundance of emitter molecules achieving an ideal IQE (6) (7) (8) . However, an investigation not only of the RISC mechanism itself, but also of the relationship between the rate constant of RISC (k RISC ) and molecular design, which is a critical issue for the development of high-performance, commercially viable TADF-OLEDs, especially with blue emission, is still needed.
Reduction of exciton density (n S for singlet and n T for triplet) in the device during electrical excitation is a key consideration for improving operational stability in TADF-OLEDs (9, 10) . In particular, high n T induces detrimental exciton annihilation and/or chemical reactions because of the long exciton lifetime of triplets (11, 12) . Thus, the k RISC should be maximized. The basic strategy for increasing k RISC in aromatic compounds is by reducing the energy splitting between the lowest S (S 1 ) and lowest T (T 1 ), that is, DE ST , because the first-order coefficient for mixing between two states is inversely proportional to DE ST (13) . In addition, the influence of not only DE ST but also second-order spinvibronic coupling between charge transfer (CT) and locally excited (LE) triplet states on the RISC process has been proposed by several groups recently (14) (15) (16) (17) (18) (19) . These theoretical and experimental conclusions indicate that the mixing of wave functions between CT and LE is an important factor for accelerating RISC in molecules. However, there is still no clear strategy for molecular design to realize maximum TADF performance based on these principles. Another important consideration is the charge transport abilities of the molecules inside the emissive layer (EML). Since a narrow carrier recombination zone in the EML induces a high n S and n T , the carrier recombination zone should be spread as much as possible (20, 21) .
Here, we propose a molecular design to establish both (i) effective mixing of the wave function between CT and LE excited states and (ii) tuning of charge transport ability by the introduction of a second electron-donating unit in an initially donor (D)-acceptor (A) system. Our designed molecule exhibits a k RISC that is one order of magnitude larger than that of the template molecule while maintaining a high photoluminescence quantum yield (PLQY). Furthermore, TADF-OLEDs using the molecule as emitter exhibit not only a remarkable enhancement of operational stability but also suppression of exciton annihilation processes with an external EL quantum efficiency (EQE) of more than 20% even in the high luminance region.
RESULTS
Our molecular design strategy for ideal TADF performance requires the following four conditions. (i) The organic molecule should have a D-A system to form intramolecular CT states, which provide a small DE ST according to spatial separation of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). (ii) The molecule should have two or more D units to form a delocalized CT triplet state ( 3 CT de ) (18) , which provides a stable T state. (iii) The conformational change between S and T should be suppressed to achieve high device stability; thus, a sterically crowded molecule is preferred. (iv) Finally, since electron transition between a pure triplet CT state ( 3 CT) and a pure singlet CT state ( 1 CT) is forbidden because of a vanishing of the spin-orbit coupling matrix elements between these molecular orbitals, the mediation of a molecular orbital with character other than CT, such as an LE state, is required to open a route for RISC, which can be enhanced by the mixing of LE character to an excited state wave function of 3 CT, that is, a small energy gap between 3 LE and 3 CT (DE3 LEÀ 3 CT ).
In this contribution, 5CzBN, which has five carbazole (Cz) units and one benzonitrile (BN) unit, was used as a template molecule ( Fig. 1A ) (22) . BN is well known to be a strong electron-accepting unit with a high 3 LE 1 of 3.32 eV (23) . On the other hand, phenyl-Cz (PhCz) is often used as a D unit, especially in blue TADF emitters because PhCz also has a high 3 LE 1 of 3.10 eV. Therefore, the combination of these D and A units in 5CzBN leads to the effective transfer of an excited electron on the Cz to BN, resulting in the formation of 1 CT 1 (2.94 eV) and 3 CT 1 (2.77 eV). While Hosokai et al. (24) already reported that the T 1 state of 5CzBN has CT character, we also confirmed the solvatochromism of the phosphorescence spectra of 5CzBN ( fig. S2 ), indicating that the T 1 state of 5CzBN has more CT character than LE character despite the vibronic phosphorescence spectra. In addition, transient absorption spectroscopy experimentally confirmed the presence of a radical Cz cation in the triplet excited state of 5CzBN (18) , indicating again the formation of a CT state in the triplet excited state. However, we cannot explain the origin of the vibronic spectrum of the phosphorescence in toluene at this stage. Since the molecular structure of 5CzBN is rigid and dense, one possible reason for the origin of the vibronic spectrum of the phosphorescence is the suppression of molecular vibrations at 77 K. Since the 3 LE 1 energies of Cz and BN are much higher than the 3 CT 1 energy of 5CzBN, the triplet energy of 3 CT 1 is sufficiently confined, resulting in a molecule that shows TADF activity. However, the energy gap between 3 LE 1 of Cz and 3 CT 1 (DE3 LEÀ 3 CT = 0.32 eV) is much larger than DE ST (0.17 eV). Therefore, 5CzBN does not sufficiently satisfy condition (iv), not only because of the weak mixing between 3 LE and 3 CT but also because of the endothermic positioning of 3 LE 1 relative to 1 CT 1 .
To satisfy condition (iv), we propose the introduction of a second type of donor (D 2 ) unit having a lower 3 LE 1 than that of PhCz while maintaining the original Cz-BN-based CT system ( Fig. 1B) . To maintain the original D-A CT system, we mainly introduce the D 2 into the m-position of BN because the oand p-positions of BN show high electron-donating properties. Figure 1C shows the chemical structures of our designed molecules. Since substitution of aromatic or methyl groups in the 3,6-position of Cz is expected to lower the 3 LE 1 energy, we used 3,6-diphenylcarbazole (DPhCz) and 3,6-di-methylcarbazole (DMeCz) as D 2 . These compounds were easily synthesized via a nucleophilic substitution reaction with good reaction yields of more than 80%. Although 5CzBN showed a low solubility [<0.1 weight % (wt %)] in toluene, we obtained a good solubility of more than 0.1 wt % for 3Cz2DPhCzBN even with its higher molecular weight (MW = 1232.46) than 5CzBN (MW = 928.33). This is likely due to a reduction of molecular symmetry, and this improved solubility can enable easier purification of the compounds and the possibility of fabricating OLEDs by solution processing.
First, to confirm whether the type of D 2 has an effect on the RISC process, we compared PL characteristics of 5CzBN, 3Cz2DMeCzBN, and 3Cz2DPhCzBN. Although the fluorescence spectra of 3Cz2DMeCzBN and 3Cz2DPhCzBN were slightly red-shifted, the emission was still sky blue with a peak wavelength of 480 nm, as shown in Fig. 2A . Further, modification of the initial D-A system by D 2 had no effect on DE ST (0.15-0.17 eV) in 5CzBN (18) , 3Cz3DMeCzBN, and 3Cz2DPhCzBN, which was confirmed experimentally by the difference in onset energies of fluorescence and phosphorescence in diluted toluene solutions ( fig. S1 ). Thus, these compounds might be expected to exhibit similar TADF properties. However, as summarized in Table 1 , these compounds show notable differences.
All of the compounds exhibited similar radiative decay rate constants (k r ) of 1.3 × 10 7 to 2.5 × 10 7 s −1 for singlets and a marked increase in PLQY attributed to DF after degassing by bubbling with argon ( Table 1) , indicating that the triplet excitons efficiently convert to singlet excitons through RISC and then emit DF. On the other hand, the DF lifetime (t d ) greatly decreased with the introduction of D 2 , resulting in a faster t d of 12.0 ms for 3Cz2DPhCzBN than for 5CzBN (46.8 ms), as shown in Fig. 2B . Because of the reduction of t d while maintaining a high PLQY, 3Cz2DPhCzBN has a k RISC (7.2 × 10 5 s −1 ) that is more than three times larger than that of 5CzBN. To assess the RISC processes in these compounds in more detail, we measured the temperature dependence of k RISC . From an Arrhenius plot of the k RISC , we estimated activation energies for RISC (E a ) to be 0.13, 0.10, and 0.06 eV for 5CzBN, 3Cz2DMeBN, and 3Cz2DPhCzBN, respectively ( fig. S3 ), indicating a reduction of E a that is independent of DE ST . We also note that the nonradiative decay rate constant (k nr T ) for T of 5CzBN (k nr T = 0.6 × 10 4 s −1 ) was smaller than that of 3Cz2DPhCzBN, so the suppression of k nr T is not responsible for the faster t d .
Next, to check the effect of the number of D 2 units, we designed 4Cz1DPhCzBN and 2Cz3DPhCzBN, which have one and three D 2 units of DPhCz, respectively. The fluorescence and phosphorescence spectra and PLQY of 4Cz1DPhCzBN nearly match those of 3Cz2DPhCzBN; thus, these compounds might also be expected to have similar DE ST .
However, we observed a smaller k RISC of 3.9 × 10 5 s −1 for 4Cz1DPhCzBN, leading to a slightly larger E a of 0.09 eV. On the other hand, 2Cz3DPhCzBN has a k RISC (1.0 × 10 6 s −1 ) that is one order of magnitude higher than that of 5CzBN, but its emission spectrum is markedly red-shifted compared to that of 5CzBN. This red shift indicates that the DPhCz unit acts as the primary donor rather than D 2 , which is a result of the DPhCz units substituted in oand p-positions of BN, leading to CT formation between DPhCz and BN units.
To understand the increase of k RISC without a reduction of DE ST , we examined the 3 LE 1 of D 2 in these compounds because the A unit remained constant. Figure 2C shows the phosphorescence spectra of PhCz, 5CzPh, 2DMeCzPh, 3DPhCzPh, 2DPhCzPh, and 1DPhCzPh. The phosphorescence spectrum of 5CzPh closely resembles that of PhCz, indicating that the 3 LE 1 of 5CzPh is from PhCz. This case is specific to TADF molecules using Cz as a donor moiety. For example, in the case of a diphenylamine donor moiety, which is also widely used in TADF molecules, increasing the number of diphenylamine units leads to a lower triplet energy, as shown in fig. S4 . On the other hand, the 3 LE 1 energies of 2DMeCzPh (2.99 eV) and 2DPhCzPh (2.87 eV) are noticeably lower than that of 5CzPh (3.10 eV), leading to a reduction of DE3 LEÀ 3 CT , as shown in Fig. 2D . Thus, by introduction of 2DMeCzPh and 2DPhCzPh as second donor units in 5CzBN, the 3 LE states could be controlled. These results provide experimental evidence not only of the possibility of tuning the energy level of the 3 LE 1 state by introducing a second type of donor into a D-A system but also of the strong influence of the energy level alignment of 3 (14) , increasing the number of D 2 units increases the probability for vibronic coupling between the 3 LE and 3 CT states by increasing the electron density of D 2 units, thereby effectively inducing RISC through second-order spin-vibronic coupling. The phosphorescence lifetime of 3Cz2DPhCzBN (120 ms) was appreciably shorter than that of 4Cz1DPhCzBN (136 ms) or 5CzBN (138 ms), indicating the strong mixing between S and T via second-order spin-vibronic coupling. These experimental results provide us with a clear molecular design rule for accelerating RISC: Minimize DE3 LEÀ 3 CT in addition to DE ST , which can be done by introducing an appropriate number of a second type of donor units with a suitable donating ability. In addition, we note that these findings also have consequences for the choice of a host-guest matrix for TADF emitters. Since 3 LE 1 influences the RISC process, organic molecules that have triplet energies higher than not only 3 CT 1 but also 3 LE 1 of the TADF emitter are favorable as the host matrix to suppress backenergy transfer from 3 LE 1 of the TADF emitter to a triplet state of the host matrix.
To demonstrate the impact of an increased k RISC on OLED performance, we fabricated OLEDs with 5CzBN or 3Cz2DPhCzBN:mCBP [3,3-di(9H-carbazol-9-yl)biphenyl] codeposited films as EML. The photophysical properties of 3Cz2DPhCzBN are almost the same as those of 5CzBN, with the only difference being in terms of k RISC . Therefore, we investigated the OLED properties with 5CzBN or 3Cz2DPhCzBN as emitters. Figure S3 shows schematic diagrams of the energy levels of the fabricated devices and the chemical structures of the organic semiconductor materials used in them (25) . Here, we note that 20 wt %-doped codeposited films showed PLQYs of 65 ± 2% and 80 ± 2% for 5CzBN and 3Cz2DPhCzBN, respectively ( Table 2) .
The characteristics of the fabricated OLEDs are shown in Fig. 3 (A to D) and summarized in Table 3 . The EL spectrum of each device was red-shifted compared with that of the emitter in solution because of the relatively high doping concentration of the emitters, but the EL emission color coordinates still correspond to bluish-green emission. Figure 3B shows the EQE luminance characteristics of the tested OLEDs. The OLEDs exhibited a high EQE at 500 cd m −2 of 18.0% for 5CzBN and 20.9% for 3Cz2DPhCzBN. However, as shown in the inset of Fig. 3C , the EQE roll-off characteristics differ. Although EQE quickly drops to 94 and 77% of its maximum value at 1000 and 5000 cd m −2 , respectively, in the OLED based on 5CzBN, EQE roll-off was suppressed in the OLED based on 3Cz2DPhCzBN, which maintained 99.5 and 89% of the maximum EQE at 1000 and 5000 cd m −2 , respectively. A trend of suppressed EQE roll-off with higher k RISC is apparent (see also fig. S4 ), suggesting that exciton annihilation processes such as triplet-singlet and triplet-triplet annihilation are suppressed in the EML through a reduction of triplet exciton density because of a higher k RISC (10, 11) . Since high brightness is required for practical applications such as lighting, the weak EQE roll-off even at a high-luminance region is a valuable advantage.
Next, we assessed the operational stability of the fabricated OLEDs. Figure 3C shows the normalized luminance of the two representative OLEDs as a function of operational time under constant current density at an initial luminance L 0 of 1000 cd m −2 . Although a rapid decrease of luminance with increasing operation time was observed in the 5CzBN-based OLED, for which the time until the luminance decreased to 97% of the initial (LT97) was only 3 hours, we observed a marked enhancement of operational stability in the 3Cz2DPhCzBN-based OLED, resulting in an LT97 of more than 100 hours.
Since such a large lifetime enhancement cannot be explained only by the increase of k RISC , we suspect that a shifting of the carrier recombination zone in the EMLs plays a role. Although the HOMO (−6.1 eV for both) and LUMO (−3.3 eV for 5CzBN and −3.4 eV for 3Cz2DPhCzBN) levels of both molecules are almost the same, the driving voltage of the 3Cz2DPhCzBN-based OLED was slightly higher than that of the 5CzBN device (Fig. 3D) . To check the carrier transport abilities of both EMLs, we analyzed the current density (J)-voltage (V) characteristics in electron-only devices (EODs) and hole-only devices (HODs) based on emitter:mCBP codeposited films (the device structures are presented in the caption of fig. S5 ). We found a reduction of electron current in the 3Cz2DPhCzBN-based EOD compared to the 5CzBN device while the hole currents were similar (Fig. 3D) , indicating that the introduction of a bulky substituent might be preventing carrier transport because of weaker molecular interactions between neighboring molecules. Since the HOMO level of the guest is similar to that of the mCBP host, injected holes are expected to be mainly transported through the HOMO level of mCBP, resulting in the choice of guest having no effect on the hole current. Reduced electron transport in the 3Cz2DPhCzBN-based OLED can be expected to result in an expansion of carrier recombination zone inside the EML because the carrier recombination zone is located near the electron blocking layer/EML interface in the 5CzBN-based OLED (see fig. S5 ), leading to the reduction of the n T in the device during electrical excitation (21) . In addition, Zhang et al. (22) reported that operational stability increases by introducing the substitution in Cz units such as a tert-butyl unit according to the enhancement of electrochemical stability. Thus, we strongly believe that the marked enhancement of operational lifetime in the 3Cz2DPhCzBN-based OLED originates from a combination of an increase in k RISC , an expansion of the carrier recombination zone, and the contribution of the substitution effect of Cz units.
DISCUSSION
We found that introduction of a second type of donor (D 2 ) into a D-A system can be used to tune the energy position of 3 LE 1 relative to 1 CT 1 and 3 CT 1 while, at the same time, weakly pinning the 1 CT 1 and 3 CT 1 energy levels to those of the original D-A system, resulting in an increase of k RISC according to a strong second-order spin-vibronic coupling between 3 LE 1 and 3 CT 1 . In addition, the 3 LE 1 can be adjusted by changing the number or donor ability of the D 2 units. Further, we also found that the carrier transport properties in the EML can be tuned by the use of a bulky substituent, resulting in a change in the position and width of the carrier recombination zone. Thus, our molecular design rule and strategy are useful for boosting OLED performance, especially for blue TADF emitters, and will aid the development of future displays and lighting with high EL efficiencies and long operational lifetimes. 
MATERIALS AND METHODS
Synthesis and characterization 2,3,4,5,6-Penta(9H-carbazol-9-yl)benzonitrile (5CzBN), 2,4,6-tris(9Hcarbazol-9-yl)-3,5-difluorobenzonitrile (3CzFBN), 2,3,4,6-tetrakis(9Hcarbazol-9-yl)-5-fluorobenzonitrile (4CzFBN), and 3,6,9-triphenylcarbazole (1DPhCzPh) were synthesized according to literature (26) (27) (28) . CzBN derivatives, 5CzPh, 2DPhCzPh, 2DMeCzPh, and 3DPhCzPh were synthesized and characterized according to the methods described in section S1.
Measurement of photoluminescence properties PL quantum efficiency was measured under the flow of argon gas using an absolute PL quantum yield measurement system (C11347-01, Hamamatsu Photonics) with an excitation wavelength of 340 nm. Emission lifetimes were measured using a fluorescence lifetime measurement system (C11367-03 Quantaurus-Tau, Hamamatsu Photonics) and
CoolSpek Cs-0296 (UNISOKU Co.). Ultraviolet-visible (UV-vis) absorption spectra and PL spectra were recorded on UV-vis (Lambda 950-PKA, PerkinElmer) and PL (FluoroMax-4, HORIBA Jobin Yvon) spectrophotometers. Phosphorescence spectra in solution at 77 K were recorded on a Hamamatsu Photonics multichannel analyzer (PMA-12).
Device fabrication and characterization of OLED performance
Glass substrates with a prepatterned, 50-or 100-nm-thick, tin-doped indium oxide coating were used as anodes. Organic layers were formed by thermal evaporation. Doped EMLs were deposited by coevaporation. After device fabrication, devices were immediately encapsulated with glass lids using epoxy glue in a nitrogen-filled glove box [O 2 < 0.1 parts per million (ppm); H 2 O < 0.1 ppm]. Commercial calcium oxide desiccant (Dynic Co.) was included in each encapsulated package. The current density-voltage-luminance characteristics of the OLEDs were evaluated using a source meter (Keithley 2400, Keithley Instruments Inc.) and an absolute external quantum efficiency measurement system (C9920-12, Hamamatsu Photonics). The operational lifetime was measured using a luminance meter (SR-3AR, TOPCON) with the devices operated at a constant DC current. All measurements were performed in ambient atmosphere at room temperature.
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